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Science and Technology Agency (JST), Core Research for Evolutionary Science and Technology (CREST), Tokyo, JapanABSTRACT We highly purified the Chlamydomonas inner-arm dyneins e and c, considered to be single-headed subspecies.
These two dyneins reside side-by-side along the peripheral doublet microtubules of the flagellum. Electron microscopic obser-
vations and single particle analysis showed that the head domains of these two dyneins were similar, whereas the tail domain of
dynein e was short and bent in contrast to the straight tail of dynein c. The ATPase activities, both basal and microtubule-stim-
ulated, of dynein e (kcat ¼ 0.27 s–1 and kcat,MT ¼ 1.09 s–1, respectively) were lower than those of dynein c (kcat ¼ 1.75 s–1 and
kcat,MT¼ 2.03 s–1, respectively). From in vitro motility assays, the apparent velocity of microtubule translocation by dynein e was
found to be slow (Vap ¼ 1.25 0.1 mm/s) and appeared independent of the surface density of the motors, whereas dynein c was
very fast (Vmax ¼ 15.85 1.5 mm/s) and highly sensitive to decreases in the surface density (Vmin ¼ 2.25 0.7 mm/s). Dynein e
was expected to be a processive motor, since the relationship between the microtubule landing rate and the surface density of
dynein e fitted well with first-power dependence. To obtain insight into the in vivo roles of dynein e, we measured the sliding
velocity of microtubules driven by a mixture of dynein e and c at various ratios. The microtubule translocation by the fast
dynein c became even faster in the presence of the slow dynein e, which could be explained by assuming that dynein e does
not retard motility of faster dyneins. In flagella, dynein e likely acts as a facilitator by holding adjacent microtubules to aid
dynein c’s power stroke.INTRODUCTIONEukaryotic flagella and motile cilia play critical roles in
various biological processes including some in the human
body, such as spermatozoan motility and mucosal clearance.
Dysfunction of flagella and motile cilia is associated with
diverse human diseases such as Kartagener’s syndrome
(1,2).
Axonemal dyneins are indispensable for flagellar motion.
On each of nine doublet microtubules in a flagellum, dynein
molecules are aligned in two rows creating outer- and inner-
arms that extend toward the adjacent doublets (see Fig. S1,
A and B in the Supporting Material) (3,4).
Dynein is a macromolecular protein complex, with one,
two, or three heavy chains, and multiple intermediate and
light chains (3,4). The heavy chain forms a ring-shaped
ATPase head composed of six AAAþ domains (an expan-
sion of ATPases associated with diverse cellular activities);
the head has two protrusions, a thin stalk, and a thick tail
(5,6). The stalk is considered to be involved in reversible
microtubule binding during the ATPase cycle (7–10). In
axonemal dyneins, the tail should be responsible for proper
positioning and anchoring of the peripheral doublet micro-
tubules (11). Dyneins generate force between two adjacent
doublets resulting in a sliding motion upon ATP hydrolysis
(12,13).
In Chlamydomonas reinhardtii, a model organism used
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0006-3495/14/05/2157/9 $2.00of axonemal dyneins have been described; one outer-arm
dynein with three different heavy chains (a, b, and g), one
inner-arm dynein with two different heavy chains (fa and
fb), and six other inner-arm dyneins considered to have
one individual heavy chain (a, b, c, d, e, and g), judged
from HPLC fractionation (14–16). Each of the heavy chains
is reported to have different properties (14–18). It is thought
that different dyneins are precisely regulated in a coordi-
nated manner to produce periodic flagellar beating.
Recent cryo-electron tomographic studies have deter-
mined that the dynein molecules are oriented with a
96 nm periodicity along the axis of the flagellum (see
Fig. S1 C) (19–21). The reconstituted images suggest that
the six inner-arm dynein subspecies, thought to be mono-
meric, appeared to form three different pairs in vivo,
namely, a–b, c–e, and d–g (19,20). Because the two cata-
lytic head domains of the paired dyneins are close to
each other, we have considered that they may interact
with the neighboring doublet microtubule in a coordinated
or cooperating manner. One component of each pair
(dynein a, c, or d) contains a homodimer of the p28 protein
as its light chain, whereas the other (dynein b, e, or g) con-
tains centrin. Each of these six subspecies has actin as a
light chain (22).
In this study, we focused on the pair c–e. The Chlamydo-
monasmutant ida6, lacking dynein e and major components
of nexin-dynein regulatory complex (see below), shows
slower swimming velocity than the wild-type due to aber-
rant wave form (23,24). On the other hand, the swimming
of the Chlamydomonas mutant ida9, lacking dynein c, is
only moderately slower in normal media but is significantlyhttp://dx.doi.org/10.1016/j.bpj.2014.04.009
2158 Shimizu et al.slow in viscous media (25). Therefore, dynein e and c may
contribute to the modulation of flagellar wave form and to
the force generation, respectively.
In flagella, dynein e and c are considered to be associated
with structures that are thought to regulate beating. Dynein e
is in contact with the nexin-dynein regulatory complex that
connects the neighboring doublet microtubules (19). It is
thought that an elastic connection between the adjacent
doublet microtubules is important for wave form (13). The
nexin linker appears to be essential for the connections
between the peripheral doublet microtubules (26), and
recently, it was suggested that dynein e also participates in
the connections (27). On the other hand, dynein c makes
contact with the radial spoke 2, one of the structures con-
necting the doublet microtubules to the central apparatus
(19). Because the central apparatus is thought to be respon-
sible for controlling the activity of dyneins via the radial
spokes (17), dynein c may receive regulatory signals
directly in this way.
As for their molecular properties, it has been reported that
the velocity of microtubule translocation by dynein c in
in vitro motility assays is highly dependent on the number
of dyneins involved (28) and that the maximal velocity by
dynein c is high among other dyneins (14,17). In contrast,
there have been no detailed studies of sufficiently purified
dynein e. Furthermore, nothing is known about the interac-
tion and possible cooperation between dynein e and c.
In this study, we focused on the unexplored dynein
subspecies, dynein e, together with adjacent dynein c. We
highly purified both of them for detailed analyses. Here,
we report their properties and discuss their possible roles
in the flagellum.MATERIALS AND METHODS
Protein preparation
Flagella of outer-armless mutant, oda1 (29), of Chlamydomonas reinhardtii
(strain 137c) were detached with dibucaine treatment and collected with se-
rial centrifugation. After demembranation of axonemes, crude dynein was
extracted with 0.6 M KCl. Highly purified inner-arm dyneins were obtained
by two-step anion exchange chromatography using Mono Q and Mini Q
columns (both from GE Healthcare, Little Chalfont, England) with 120–
500 mM KCl gradient in HMDE buffer (30 mM HEPES, 5 mM MgSO4,
1 mMDTT, and 1 mMEGTA, pH 7.4 adjusted with KOH) (15,28). Because
these two columns have distinct chromatographic properties due to different
column carriers, contaminants were removed effectively. Protein concentra-
tions were determined by the Bradford method (30). Molecular composition
was analyzed with sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and silver staining. Aliquots of highly purified dyneins
supplemented with 10% glycerol were stored at –80C in Protein LoBind
Tubes (Eppendorf, Hamburg, Germany).
Tubulin was obtained from porcine brains. It was purified with two cycles
of polymerization and depolymerization followed by phosphocellulose P11
(GE Healthcare) column chromatography (31), and then stored at –80C.
Microtubules were polymerized from the tubulin stock solution upon
supplementation with 2 mM GTP and incubation for 30 min at 37C.
Microtubules were diluted in HMDE buffer containing 20 mM paclitaxel
(Sigma-Aldrich, St. Louis, MO) at 25C.Biophysical Journal 106(10) 2157–2165Electron microscopy and single particle analysis
For negative staining electron microscopy (5), dynein e, c, or g was diluted
withHMDEbuffer to 10mg/ml and kept on ice for 30min. Each of the dynein
samples was fixed in 2% glutaraldehyde and applied to a carbon-coated grid.
The grid was rinsed with a buffer containing 30 mMMOPS, 5 mMMgSO4,
and 1 mM EGTA, pH 7.4 adjusted with NaOH, and then stained with 1%
uranyl acetate. Electron microscopic observations were performed using a
JEM-2000EX (JEOL, Tokyo, Japan) operated at 80 kV at a magnification
of 40,000. The micrographs were digitized at 1250 dpi. Image processing
and analyses were carried out using SPIDER suite program (32).ATPase activities
ATPase activities were measured at 245 1C controlled with water circu-
lation. Dyneins were diluted with 0.5 mg/ml BSA (bovine serum albumin)
in HMDE buffer and kept on ice for 30 min. 2 ATP solution for ATPase
assays (varied concentrations of ATP, varied concentrations of microtu-
bules, 0.1% methylcellulose, 50 mg/ml pyruvate kinase, 2.5 mM PEP,
50 mg/ml lactate dehydrogenase, and 0.4 mM NADH in HMDE, pH 7.4
adjusted with KOH) was prepared. Equal volumes of diluted dynein and
2 ATP solution were mixed to start the reaction. ATPase activities were
calculated from the decrease in NADH monitored by absorption at
340 nm (33). The solution for this assay is quite similar to that used in
the in vitro motility assays mentioned below. It should be noted that, in
this assay system, the ATP concentration was kept constant and that prac-
tically no ADP was present.
To investigate ATP concentration dependence, ATPase activities were
measured at various concentrations of ATP in the absence of microtubules.
Data were fit to the Michaelis-Menten equation: k ¼ (kcat$[ATP])/(Km þ
[ATP]). kcat, Km, and [ATP] represent the catalytic efficiency, the Michaelis
constant, and the ATP concentration, respectively. On the other hand, to
investigate microtubule concentration dependence, ATPase activities were
measured at a fixed ATP concentration of 0.42 mM with various concentra-
tions of microtubules. Data were fit to the modified Michaelis-Menten
equation: k ¼ {(kcat,MT  kbase,MT)$[MT]}/(Km,MT þ [MT]) þ kbase,MT. In
the equation, kcat,MT, kbase,MT, Km,MT, and [MT] represent the maximum
microtubule-stimulated catalytic efficiency, the basal catalytic efficiency,
the Michaelis constant for microtubule-stimulation, and the microtubule
concentration, respectively.In vitro motility assays
A flow cell for measurement of in vitro motility was made of a glass slide
(Matsunami No. 1, Matsunami, Osaka, Japan) washed with 0.12 M HCl in
70% ethanol, a pair of polycarbonate films, and a coverslip (Matsunami
No. 1). Vaseline was used for protection of films from soaking of perfused
solution as well as against adhesion of films with a coverslip. The flow cell
was 405 2 mm in height and ~8 ml in volume.
The in vitro motility assays were performed as described (15,28) with
some modifications. The dynein samples were diluted with 0.5 mg/ml
BSA in HMDE buffer. Dilution was done directly in stock tube of dyneins;
this reduced the loss of activity, especially for dynein e. The dynein solu-
tions were kept on ice for 30 min and then perfused into the flow cells
and let stand for 5 min. The 0.5 mg/ml BSA in HMDE buffer was then
perfused. Two minutes later, a solution for motility assay (0.42 mM ATP,
25 mg/ml pyruvate kinase, 1.25 mM PEP, 0.05% methylcellulose, 10 mM
paclitaxel, and ~10 mg/ml microtubules in HMDE, pH 7.4 adjusted with
KOH) was perfused. After 3 min, microtubule translocation was recorded
with a charge-coupled device camera at 25.8 frames/s using a dark field
microscope (BX51, Olympus, Tokyo, Japan) equipped with a green filter
(43IF550-W45, Olympus) and with a heat absorbing filter (Olympus). To
measure the microtubule translocation velocities, data were analyzed using
the ImageJ program (34) and a time space plot plug-in (by J. Rietdorf and
A. Seitz, European Molecular Biology Laboratory, Heidelberg, Germany).
FIGURE 1 Silver-stained SDS-PAGE gels showing dynein purification.
The highly purified samples after both Mono Q and Mini Q purification
as well as the samples from purification by only Mono Q column (partially
purified) are shown. Samples were analyzed with 3% polyacrylamide gel
(upper) for heavy chains and with 5–20% polyacrylamide gradient gel
(lower) for light chain composition. Solid circles at 42 kDa indicate actin,
one of the light chains of dynein a–e and g. Solid triangles at 19 kDa indi-
Dynein e Facilitates Faster Dynein c 2159For consistency, microtubules of 5 to 10 mm in length that moved more than
2 mm continually without pivoting were measured.
Velocity calculation was performed using a displacement-weighed aver-
aging method (35): Vdh S(DvDx)/S(Dx). Summation is performed along
the trajectory of a certain microtubule. Sometimes, however, conventional
time-weighed velocity Vt (h S(DvDt)/S(Dt)) was used together with
displacement-weighed velocity Vd to derive a ratio R h Vt/Vd. R % 1 for
all the cases, and R ¼ 1 when the microtubule was translocated without
velocity fluctuation (see the legend of Fig. S5).
The dependence of the surface dynein density on microtubule sliding
velocity was derived using two assumptions. The first was the duty cycle
model (36), which assumes that parameters such as the duty ratio f (the
probability of an individual dynein molecule being in the active state)
and maximal velocity Vmax are independent constants and that dynein mol-
ecules in inactive states do not inhibit the active ones. The other assumption
was that the data would fit a Poisson distribution. Taken together, the
expected velocity should be described as V ¼ P  Vmax, where P ¼ (1 
exp[Arf]  Arf exp[Ar])/(1  exp[Ar]  Ar exp[Ar]). This repre-
sents the probability that at least two dynein molecules were in contact with
the microtubules (correction by denominator) and one or more of the dynein
molecules were in the active state (numerator). The case wherein only one
dynein molecule was in contact and in the active state is corrected for by the
third factor in the numerator. A is the product of microtubule length and
twice the reach of a dynein molecule, whereas r is the surface density of
dynein molecules. At sufficiently high surface density, P approaches to 1
so that V / Vmax. The minimal velocity at r / 0 was calculated as
Vmin/ f  (2f)  Vmax. A lower duty ratio implies a higher dependence
of the velocity on the surface density of dynein resulting in the lower min-
imal/maximal velocity ratio, and vice versa.
The translocation velocities varied by about520% depending on the lot
of glass slides and the specific batch of dyneins prepared on different days.
To obtain reliable values, en bloc experiments were performed with the
same lot of slides and dyneins. In addition, two to four observations were
carried out under one condition and more than five views were recorded
for each observation.
The binding efficiency of dynein to the glass surface was estimated as fol-
lows (37).Dyneinwas perfused into a flowcell and left to stand for 5min. BSA
(0.5 mg/ml) in HMDE buffer was then perfused and kept for 2 min. Then
HMDE buffer was perfused. The bound dynein was recovered with 10 cell
volume (80 ml) of 2% SDS in HMDE buffer and subjected to SDS-PAGE.
The dynein heavy chains were stainedwith SYPRO-Ruby (Life Technologies,
Carlsbad, CA) and analyzedwith theQuantity One program (Bio-Rad, Hercu-
les, CA) to estimate the amount bound. Experiments were done using several
concentrations of perfused dyneins (3, 15, or 44mg/ml for dynein e; 1, 3, 15, or
50 mg/ml for dynein c; 7.5 mg/ml each for mixture of dynein e and c) and each
experiment consisted of five individual measurements.
For the landing assays (15,28), solution containing 0.42 mM ATP and 40
mg/ml microtubules were perfused into a flow cell and landing events were
recorded. Microtubules of 5 to 20 mm in length that touched the glass sur-
face and moved more than 0.8 mm were counted. The dependence of land-
ing rate on the surface density of dynein was derived using a fitting
calculation assuming a Poisson distribution: in the case where only one
dynein molecule was sufficient to move a microtubule continually,
k1(r) ¼ C0  (1 – exp[–A0r]); in the case where two or more dynein mol-
ecules were necessary, k2(r)¼ C0 (1 – exp[–A0r] – A0r exp[–A0r]). C0, A0,
and r represent the maximal landing rate, the product of microtubule length
and twice the reach of a dynein molecule, and the surface density of dynein
molecules, respectively.
cate centrin, one of the light chains of dynein b, e, and g. Open triangles at
29 kDa indicate p28, one of the light chains of dynein a, c, and d. Arrows at
38 and 44 kDa indicate band positions of p38 and p44, respectively, which
are the light chains of dynein d. The lane of partially purified dynein e con-
tained dynein d contamination, whereas that of highly purified dynein e did
not. Open diamonds at 500 kDa are the heavy chains of dynein f. The lane
of partially purified dynein g contained components of dynein f, whereas
that of highly purified dynein g did not.RESULTS
Preparation of dyneins
For elucidating the functions of dyneins, samples of high
purity are required. Using a two-step chromatography pro-cess, we greatly reduced the amount of contaminating
dynein subspecies in our preparations (Fig. 1). SDS-PAGE
analysis showed that dynein e partially purified by the
Mono Q column alone contained p28, p38, and p44, which
were thought to be the light chains of dynein d (38,39), as
well as other contaminating protein bands. In contrast, the
contaminants were remarkably reduced in the highly puri-
fied sample after the subsequent use of the Mini Q column,
so that the light chains from dynein d were hardly detected.
Similarly, dynein c and g were highly purified using this
two-step procedure. Analysis revealed that dynein d contam-
ination in the highly purified dynein e samples was <2%;
and dynein f contamination in the highly purified dynein g
samples was <1% (Fig. S2).
The quality of the highly purified dynein e was examined
in twoways.Negative staining electronmicroscopic observa-
tions showed that the dynein e molecules were single-headed
monomers without aggregations (Fig. S3A). In addition, size
exclusion chromatography analysis also indicated that the
dynein e samples were monomeric (Fig. S4).Single particle analysis
Using electron microscopy, 9090 and 9838 particle images
were collected for dynein e and c, respectively. To charac-
terize their configurations, single particle analysis was per-
formed on 2253 and 1560 images, respectively, which wereBiophysical Journal 106(10) 2157–2165
2160 Shimizu et al.classified as right-views (Fig. 2, A, B, D, E, G, and H, and
Fig. S3, F, G, I, J, L, and M) (5,40). With our aligned right-
view images of the dyneins in the absence of added nucle-
otides, the thick tail protruded downward from the lower
right portion of the head, and the thin stalk extended upward
from the upper right of the head. The head domains of both
dynein e and c showed common features (Fig. 2, D and E,
and Fig. S3, I and J), such as the groove in their lower left
portions (asterisk in Fig. 2 D) and the three peripheral
domains in their lower right portions (arrowheads in
Fig. 2 D). However, there were differences in their tail do-
mains (Fig. 2, G and H, and Fig. S3, L andM). The length of
the dynein e tail was shorter than that of dynein c, espe-
cially at the neck (a thin part near the joint between the
head and the main part of the tail; arrow in Fig. 2 G).
The tail of dynein e was bent leftward (like a symbol <)
between its base (a tip of the tail) and neck. The distances
from the base of the tails to the top of the heads were
25.4 5 1.6 nm and 29.3 5 1.3 nm for dynein e and c,
respectively.
The joint between the head and the tail of these dynein
molecules appeared to be flexible because the tails wereFIGURE 2 Typical images in the right-view of dynein. (A–C) Images of
(A) dynein e, (B) dynein c, and (C) dynein g. (D–F) Images with head-align-
ment of (D) dynein e, (E) dynein c, and (F) dynein g. Three globular do-
mains (indicated by arrowheads in D) and a groove (asterisk in D) are
observed in all of these dyneins. (G–I) Images with tail-alignment of (G)
dynein e, (H) dynein c, and (I) dynein g. The thin part near the joint between
head and tail is referred to as the neck (arrow inG). More images are shown
in Fig. S3. All scale bars, 10 nm.
Biophysical Journal 106(10) 2157–2165observed pointing in various directions (Fig. S3, F and G).
The angular distribution is shown in Fig. S3, B–D.ATPase activities
We measured and compared the ATPase activities of dynein
e and c. With varying concentrations of ATP and in the
absence of microtubules, the parameters of the basal
ATPase activities were: kcat ¼ 0.27 5 0.06 s–1 and Km ¼
1.6 mM for dynein e, and kcat ¼ 1.75 5 0.06 s–1 and
Km ¼ 0.54 mM for dynein c (Fig. 3 A). It should be noted
that the amount of ATP or ADP brought into the assay sys-
tem in dynein preparations was considerably small (esti-
mated by luciferase to be 7.5 or 27 nM for 15 mg/ml of
dynein e or c, respectively) (41).
Next, we measured microtubule-stimulated ATPase activ-
ities at a fixed ATP concentration of 0.42 mM and various
concentrations of microtubules (Fig. 3 B). The parameters
obtained were: for dynein e, kbase,MT ¼ 0.24 5 0.06 s–1,
kcat,MT ¼ 1.09 5 0.32 s–1, and Km,MT ¼ 0.61 mM; for
dynein c, kbase,MT ¼ 1.65 5 0.07 s–1, kcat,MT ¼ 2.03 5
0.12 s–1, and Km,MT ¼ 0.27 mM. Taken together, it was
clear that dynein e exhibited lower ATPase activities than
dynein c with and without microtubule-stimulation.Landing rate assay for dynein e
It has been suggested from analyses of microtubule landing
events, that dynein c is a processive motor; i.e., one motor
molecule is sufficient to continually translocate microtu-
bules (28). To evaluate the processivity of dynein e, we
carried out experiments and fitting calculations assuming
a Poisson distribution (see Materials and Methods and
Fig. 4). By using the binding efficiency to glass surface
mentioned below, the data fit well with the first-power
dependence, indicating that one molecule was able to
continually translocate the microtubules (solid line in
Fig. 4 A, p ¼ 0.008 from the c2-test). On the other hand,
the data did not fit with the curve when the assumption
was that two or more molecules were required (dashed
line, p ¼ 0.986). Therefore, dynein e was also confirmed
to be processive under our experimental conditions. Further-
more, in in vitro motility assays (described below), some
microtubules exhibited progressive movement with pivot-
ing around a fixed nodal point (Fig. 4 B), where a single
dynein e molecule was presumably positioned, further sug-
gesting processivity (42). It should be mentioned that data
showing pivoting was not used to measure microtubule
translocation velocity.Microtubule translocation by dynein e and/or
dynein c
Wenext compared themotility properties of dynein e and c in
in vitro motility assays. Before the assays, the experimental
FIGURE 3 ATPase activity of dynein. (A) Cata-
lytic activities of the dyneins at various concentra-
tions of ATP in the absence of microtubules. (B)
Catalytic activities at 0.42 mM ATP and at various
concentrations of microtubules. Solid diamonds or
open circles indicate the data points for dynein e
or c, respectively, and the lines represent the fitted
curves. The data were fit to the Michaelis-Menten
equation with or without modification. Error bars
indicate standard deviation.
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motility on glass surfaces washed with 0.12 M HCl in 70%
ethanol but dynein e showed poor or no motility on glass
without treatment or on glass washed with detergent.
Next, the amount of dynein bound to the glass surface was
evaluated. The purified dyneins were bound to and recov-
ered from the surface of the flow cells (37), and the binding
efficiencies were estimated to be 235 5% and 625 10%
for dynein e and c, respectively. These values were not
dependent on dynein concentrations between 1–50 mg/ml.
When 15 mg/ml of dynein e or c was perfused into a flow
cell, for example, the surface density was calculated to be
69 5 14 or 187 5 31 molecules/mm2, respectively.
Microtubule translocation by surface-bound dynein e or c
was recorded and analyzed (see Materials and Methods and
Fig. 5, A and B; see also Fig. S5). Dynein e was slow (appar-
ently,Vap¼ 1.25 0.1mm/s; see the sectionDifferences in the
characteristics of dynein e and dynein c in Discussion for theFIGURE 4 Examination of the processivity of dynein e. (A) The depen-
dence of microtubule landing rate on the surface density of dynein e. The
solid line is a fitting curve with the assumption that only one dynein mole-
cule is sufficient to land on the surface and subsequently translocate micro-
tubules continually, whereas the dashed line represents the condition that
two or more dynein molecules are needed. Error bars indicate standard de-
viation. (B) Superimposed sequential microtubule images. Some microtu-
bules showed pivoting movements around nodal points as well as
progressive movement. The surface density of dynein e was 1.7 (top) or
3.4 (middle and bottom) molecules/mm2. Six images were superimposed
for each representation and the interval between each successive image
was 0.19 s. Motions are also shown in Movie S1. Scale bar, 5 mm.significance of apparently) and the sliding velocity did not
appear to depend on the surface density of dynein (appar-
ently, duty ratio fapz 1) (Fig.5 A). On the other hand, dynein
cwas very fast (Vmax¼ 15.85 1.5mm/s) and themicrotubule
translocation was highly dependent on the surface density
(Vmin ¼ 2.25 0.7 mm/s, f ¼ 0.07) (Fig. 5 B).
Thus, we found a significant difference between dynein e
and c in terms of the maximal velocity. Because these two
dyneins are positioned very close to each other in the flagel-
lum, dynein e may interfere with the motility of dynein c if
the two dyneins work independently but simultaneously. To
see whether such interferences might exist, we performed
the in vitro motility assays with mixtures of dynein e and
c at various ratios (Fig. 5, C and D). Contrary to our expec-
tations, the coexistence of dynein e and c resulted in similar
or even slightly faster microtubule translocation velocity
than by either dynein alone. For example, the sliding veloc-
ity of dynein e and c at 7.5 mg/ml each was 8.85 1.6 mm/s
(n ¼ 81), larger than that of dynein e (1.35 0.4 mm/s, n ¼
44) or dynein c alone (7.9 5 1.3 mm/s, n ¼ 81), as deter-
mined by the t-test (p < 0.001, Fig. 5 D).
On the contrary, to obtain clues of participation of
dynein e’s activity for microtubule translocation velocity,
we carried out in vitro motility assay for untreated dynein c
with or without dynein e inactivated with N-ethylmaleimide
(NEM) (see SupportingMaterials andMethods and Fig. S6 in
the SupportingMaterial) (43). Fastmicrotubule translocation
by dynein c (5.95 1.3 mm/s, n¼ 81) became slightly slower
with coexisting NEM-treated dynein e (4.4 5 1.2 mm/s,
n ¼ 81), as judged from the t-test (p < 0.001). Therefore,
enzymatic activities of dynein e should be responsible
for the facilitation in microtubule translocation velocity as
mentioned previously (Fig. 5, C and D).
To confirm the binding of dynein e and c in the mixture to
the flow cells, the mixture (7.5 mg/ml each) was perfused into
the flow cells and bound dyneins were recovered (37). The
binding efficiencies in the mixture were 22 5 12% and
435 13% for dynein e and c, respectively, which were not
significantly different from those obtained from experiments
using single species of dyneins (23 5 5% and 62 5 10%,
respectively), as judged from the z-test (p > 0.05).Biophysical Journal 106(10) 2157–2165
FIGURE 5 Microtubule translocation velocities
by dyneins on the glass surface. (A–C) Dependence
on the surface density of dyneins. (A and B) Single
dynein subspecies were examined, (A) dynein e or
(B) dynein c. Averaged data for dynein e or c are
indicated by solid diamonds or open circles,
respectively, and individual data points are shown
as light gray dots. (C) The two species were mixed
at various ratios. Averaged data for mixture of
dynein e and c are indicated by dark gray open
squares and individual data points are shown as
light gray dots. The fitted curve is the dashed
line. The total concentration of two dyneins in
the mixture perfused into flow cells was fixed
at 15 mg/ml: for example, a mixture of 25%
dynein c contained 11.25 mg/ml dynein e and
3.75 mg/ml dynein c. For dynein c in the absence
of dynein e, the averaged data (open circles) and
the fitted curve (dotted line) were replotted on
the linear abscissa. (D and E) Effects of dynein e
on microtubule translocation velocities by fast
dyneins. Microtubule translocation velocity was
measured for a mixture of (D) dynein e and c or
(E) dynein e and g. The mixture contained 7.5
mg/ml each of the two subspecies and the single
dynein velocities were used as controls. Error
bars indicate standard deviation.
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translocation driven by faster dynein g
As described previously, microtubule translocation by the
fast dynein c was not retarded by the slow dynein e. To learn
whether the result was specific to the pair of dynein e and c
or if it was more general, we performed similar assays using
dynein g, another fast dynein subspecies, together with
dynein e.
Dynein g consists of one heavy chain and two light chains,
actin and centrin (22); its molecular composition is more
similar to dynein e than dynein c. Using Mono Q and
Mini Q columns, we again obtained highly purified dynein g
(Fig. 1). To investigate the molecular configuration, 11,131
particle images were obtained using electron microscopy,
and 6443 images were classified as right-views and further
processed for single particle analysis (Fig. 2, C, F, and I,
and Fig. S3, E,H, K, and N). The head of dynein g resembled
those of dynein e and c. The length from the base of the tail
to the top of the head of dynein g was 25.95 2.0 nm, similar
to that of dynein e (25.45 1.6 nm) but shorter than that of
dynein c (29.35 1.3 nm). The tail of dynein g was bent right-
ward (like a symbol >) between its base and the neck.
In vitro motility assays were performed with the highly
purified dynein g. When 7.5 mg/ml of either dynein g or e
was perfused into a flow cell, the microtubule sliding veloc-
ity was 5.85 0.8 mm/s (n¼ 92) or 1.45 0.3 mm/s (n¼ 59),
respectively. The microtubule translocation by the mixture
of dynein g and e was 6.8 5 0.8 mm/s (n ¼ 90), slightly
faster than that of dynein g alone (p < 0.001 from the
t-test, Fig. 5 E). The two experiments, using a mixture ofBiophysical Journal 106(10) 2157–2165dynein e and g as well as that of dynein e and c, suggested
that dynein e does not interfere with microtubule transloca-
tion by other faster dyneins.DISCUSSION
Wehave focused on the inner-armdynein e and c,which reside
next to each other in flagella. The properties of not only the in-
dividual dyneins but also mixtures of the two dyneins were
examined for behaviors of interference or cooperation.Molecular configuration of the dyneins
The molecular structures of dynein e and c were compared
using electron microscopy and single particle image anal-
ysis. The heads of the two dynein molecules resembled
each other, whereas the tails differed significantly; the tail
of dynein e was short and bent compared with that of
dynein c. Recent cryo-electron tomographic reconstruction
of Chlamydomonas flagella (19,20) revealed that the direc-
tion of the two protruding dynein tails were not parallel, and
their anchoring positions on the doublet microtubule were
distant (~16 nm), despite the two heads being situated
side-by-side. The characteristic shapes of the two dynein
tails would account for the proximity of the heads.Differences in the characteristics of dynein e and
dynein c
To calculate parameters for each dynein, such as their duty
ratio (f) and maximal microtubule translocation velocity
Dynein e Facilitates Faster Dynein c 2163(Vmax), we employed the duty cycle model (36) (see Mate-
rials and Methods). With a sufficiently high surface density
of dynein, there are multiple dynein molecules accessible to
a certain single microtubule and the probability approaches
100% that at least one of the dynein molecules is in the
active state. Therefore, microtubule translocation should
be at the maximal velocity with little fluctuation. This situ-
ation should correspond to the following: the ratio of time-
weighed velocity (Vt) and displacement-weighed velocity
(Vd) (35), i.e., R h Vt/Vd, should be close to 1 (see legend
of Fig. S5). However for dynein e, the value (R ¼ 0.60 5
0.21 at r ¼ 366 molecules/mm2, Fig. S5 A) was not close
to 1, indicating that at least one of the previous assumptions
was not correct. It could be, for example, that dynein e
molecules in inactive states retard the slow microtubule
translocation by active dynein e (on the contrary, the fast
microtubule translocation by dynein c or g was not retarded
by dynein e; Fig. 5, C and D). The apparent duty ratio
fap z 1 and velocity Vap ¼ 1.2 5 0.1 mm/s for dynein e
can explain the experimental data obtained in this study;
these interesting yet puzzling results, difficult to interpret
at this moment, await further investigations. On the other
hand, for dynein c, R increased asymptotically toward 1
with surface density (R ¼ 0.99 5 0.02 at r ¼ 746 mole-
cules/mm2, Fig. S5 B). Therefore, the previous assumptions
and calculated parameters derived for dynein c should be
valid (f ¼ 0.07 and Vmax ¼ 15.8 5 1.5 mm/s).Dynein e does not retard motility of faster dyneins
Microtubule translocation by dynein e was slow. However,
fast translocation by dynein c was not slowed down by the
presence of dynein e (Fig. 5, C and D). Our current results
are quite different from our previous reports where slow
dynein f, appeared to retard microtubule translocation by
dynein c (15).
Furthermore, dynein c exhibited faster microtubule trans-
location in the presence of dynein e than in its absence. This
result could be explained by a modified calculation of
microtubule sliding where dynein e does not act against
the motility of the faster dynein c.
Microtubule translocation by a single species of dynein
was represented using the duty cycle model (36) (see
Materials and Methods). The duty ratio (f) is introduced
as a probability for individual dynein molecules in the
active state. If there are one or more dynein molecules
in the active state, the microtubule is translocated at the
maximal velocity. If no dynein molecules are in the active
state, the microtubule does not move. The translocation
velocity can be calculated as an expected value for these
two cases.
To model the data with a mixture of dynein e and another
dynein, dynein c in this case, we assume the following: 1),
Dynein e does not interfere with other faster dynein. 2), A
single microtubule is interacted with (0, 1, 2, or more)dynein e molecules in a reachable area and with dynein c
in the same manner. 3), Each dynein molecule is in the
active state with a certain probability, i.e., its own duty ratio.
4), If there are one or more dynein c molecules in the active
state, the microtubule is translocated at the maximal veloc-
ity of dynein c, regardless of dynein e. 5), If no dynein c
molecules are in the active state and one or more dynein e
molecules are in the active state, the microtubule is translo-
cated at the maximal velocity of dynein e. 6), If neither
dynein c nor e is in the active state, the microtubule does
not move. Using these assumptions, we can generate a
model to explain the result that the microtubule transloca-
tion by dynein c could be faster in the presence of slow
dynein e. For dynein e, we adopted the apparent microtubule
translocation velocity (Vap) and duty ratio (fap z 1). With
the previous six assumptions, dynein e works only when
dynein c in the active state is absent. Under such a condition,
the effects by dynein e should be described with apparent
parameters we have obtained. All together, the expected ve-
locities of a mixture of dynein e and c fit well (p < 0.001
from the c2-test) to the results as shown in Fig. 5 C. On
the other hand, the expected velocity by dynein c alone fit
with less accuracy (p ¼ 0.017).
As discussed previously, the microtubule transloca-
tion velocity by the fast dynein c became faster when
dynein e was present. Similar results were observed for
a mixture of dynein e and g (Fig. 5 E). Thus, the charac-
teristics of dynein e are not specific to the dynein c–e pair,
and dynein e would unlikely interfere with the motility of
any faster dyneins. Dynein e may be assumed to have a
tendency to quickly and easily detach from the microtu-
bules in the presence of a negative load exerted by other
faster dyneins.
Recent investigations using Chlamydomonas mutants
strongly suggest that dynein e interacts with the polygluta-
mate chain of a-tubulin on the adjacent doublet microtubule
(27). It was hypothesized that dynein e may play a role
in shortening the interdoublet distance to facilitate other
dyneins engaging in mechanochemical cycles. Our results,
from much simplified in vitro experiments, where only
dynein e and c were present, are in line with the hypothesis.
Even in flagella, dynein c would translocate microtubules
rapidly, whereas dynein e may act as a facilitator, who,
for instance, holds the microtubules to mediate sliding
without interfering with dynein c. It should be noted that
we used tubulin from porcine brain that might not be best
suited for Chlamydomonas axonemal inner-arm dyneins.
Optimal source of properly glutamylated tubulin may result
in improved facilitation effects by dynein e (27,35). On
the other hand, we obtained no evidence for a direct
interaction between dynein e and c using size exclusion
chromatography (Fig. S4) for example. The facilitation by
dynein e may be due to task-shared cooperation (as previ-
ously mentioned sliding mediation), instead of a direct
interaction.Biophysical Journal 106(10) 2157–2165
2164 Shimizu et al.Various axonemal dynein subspecies, with different prop-
erties in their intrinsic velocities, duty ratios, and so on (14–
18), are considered to be coordinated to generate the
flagellar motion. Though the mechanism for the cooperation
still has been a puzzle, dynein e, newly examined to be a
facilitator but not to be a protagonist for fast motion, may
play a key regulatory role in the axoneme. Fast dyneins
such as dynein c would operate effectively with the aid of
the facilitation by dynein e, but dynein c would not be
with the maximal efficiency when dynein e was inactivated
and/or could not function as the facilitator.
Furthermore, dynein e may participate in the flagellar
motion when microtubule sliding is slow. The local velocity
inside of the flagella varies depending on the stage of the
beating cycle (13). When local sliding is fast, faster dyneins
such as dynein c would lead the translocation. On the other
hand, during slow phases, the fast dyneins may be inacti-
vated, detach from adjacent microtubules, or only generate
force enough to balance external forces such as elastic resis-
tance (13). Dynein e may participate in the flagellar motion
only during a particular slow phase. The actions of the mul-
tiple species of dynein with their individual properties
would be synergized, constituting an important mechanism
in periodic flagellar beating in toto.SUPPORTING MATERIAL
Six figures, three movies, supporting data, and references (44–47) are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)
00392-0.
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